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There has been much incongruence in reports addressing the rate at which papillomaviruses enter cultured cells. We used a recently
developed QRT-PCR assay (J. Virol. Methods 111 (2003) 135) to analyze the expression, adsorption, and entry kinetics of human
papillomavirus type 11 (HPV-11) in multiple cell lines. Parallel experiments with HPV-40 and cottontail rabbit papillomavirus (CRPV) were
also performed with biologically relevant lines. Infection was determined by the expression of early transcripts containing the E1^E4 splice
junction. Results support previous observations that papillomaviruses may enter cultured cells much more slowly than rates reported for
similarly structured viruses (Virology 207 (1995) 136; Virology 307 (2003) 1; J. Virol. 75 (2001) 1565). Additionally, our data suggest that,
following adsorption to the cell surface, capsomeric structure remains largely unchanged for many hours as HPV-11 virions remain equally
susceptible to neutralization by a nonspecific microbicide and by L1-specific monoclonal antibodies (MAb) targeting both linear and
conformationally sensitive epitopes.
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Papillomaviruses comprise a large family of naked DNA
tumor viruses that infects the cutaneous or mucosal epithelia
of dozens of vertebrate species with a strict species tropism.
Over 100 papillomavirus types have been identified in
human tissues, most targeting cutaneous epithelium with
the remainder infecting mucosal surfaces. The latter are
considered the etiological agents of cervical cancer and
warts of the genital and respiratory tracts. Papillomaviruses
replicate only in terminally differentiating epithelium (Stu-
benrauch and Laimins, 1999). Successful infections occur
when virions gain access to the basal layer of stratified
epithelia. As infected cells move more distant from the
basement membrane, the transcription of viral DNA
(vDNA) is altered so that the late genes encoding for the
two capsid proteins, L1 and L2, are expressed only in the
uppermost terminally differentiated epithelial cells (Meyers0042-6822/$ - see front matter D 2003 Elsevier Inc. All rights reserved.
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shedding squames.
Nonpermissive infection of cultured cells by papilloma-
viruses has been used to model the early events in a natural
infection. Authentic virions have been obtained from natural
lesions (Crawford and Crawford, 1963), from infected xen-
ografts implanted into immunocompromised mice (Bonnez
et al., 1993; Brown et al., 1998; Kreider et al., 1987), and
from organotypic ‘‘raft’’ culture systems (Meyers et al., 1992,
1997; Ozbun, 2002). Infection of cells cultured in monolayer
has been used to demonstrate that papillomaviruses can
adsorb to multiple human, mammalian, and even insect cell
lines (Mu¨ller et al., 1995), traffic to the perinuclear zone in a
cytoskeleton-dependent manner (Liu et al., 2001; Zhou et al.,
1995), generate multiple viral transcripts (Chow et al., 1987),
and replicate the viral genome (LaPorta and Taichman, 1982).
Due to the difficulty in obtaining authentic infectious papil-
lomavirus virions, the events of early infection have also been
modeled using surrogate virus particles such as empty cap-
sids termed ‘‘virus-like particles’’ (VLPs) and capsids carry-
ing reporter plasmids termed ‘‘pseudovirions’’ (Bousarghin
et al., 2003; Joyce et al., 1999; Kirnbauer et al., 1992; Mu¨ller
et al., 1995; Roden et al., 1994; Sapp et al., 1995).
Experiments reporting on the entry (i.e. internalization)
kinetics of papillomavirus virions, or surrogate particles, into
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ments utilized bovine papillomavirus type 1 (BPV-1) applied
to monolayers of CV-1 cells (green monkey kidney) or C127
cells (mouse mammary tumor) at very high multiplicities of
infection (m.o.i.) (Liu et al., 2001; Zhou et al., 1995).
Electron microscopy (EM) was used to determine the loca-
tion of virions over a time course postinfection (p.i.). Images
revealed that the majority of virions was endocytosed within
30 min and co-localized with LAMP-1 (Zhou et al., 1995).
Large numbers of virus particles were shown to accumulate
in the perinuclear zone within 60 min (Liu et al., 2001).
Additional evidence suggesting the rapid entry of papillo-
maviruses into cultured cells came from the discovery of
viral transcripts in BPV-4-infected bovine fetal palate kera-
tinocytes at 2 h p.i. (Sibbet et al., 2000) and in HPV-31b-
infected HaCaT cells (spontaneous immortalized human
keratinocytes) at 4 h p.i. (Ozbun, 2002). In both cases,
cultured cells were infected at relatively low m.o.i. and viral
transcripts were detected by reverse transcription followed
by two sequential rounds of polymerase chain reaction using
nested primers (nested RT-PCR).
Evidence that papillomaviruses enter cultured cells with
much slower kinetics was seen in the ability of capsid-
targeting neutralizing antibodies to reduce the end-point
measure of infection even when applied many hours post-
infection. We previously reported that the number of BPV-1-
induced foci formed in monolayers of C127 cells could be
reduced 2-fold or more by the addition of capsid-targeting
antibodies to cell culture supernatants 24 h p.i. (Christensen
et al., 1995). BPV-1 was later reported to be taken up by
C127 cells with a t1/2 of 4 h via a clathrin-dependent
pathway (Day et al., 2003). Additionally, infection of
A431 cells (human epithelial carcinoma) by human papil-
lomavirus type 11 (HPV-11) virions could be completely
blocked by a nonspecific high-molecular-weight microbi-
cide added to cell supernatants even 4 h p.i. as assayed by a
sensitive nested RT-PCR assay (Christensen et al., 2001).
Similar experiments performed with HPV-33 pseudovirions
have shown that the successful delivery of a GFP-reporter
plasmid could be completely blocked by an L1-specific
monoclonal antibody (MAb) applied 4 h after attachment of
particles to COS-7 cells (green monkey kidney cells trans-
formed with SV40) (Giroglou et al., 2001). The ability of
capsid-targeting MAb to neutralize the bulk of applied
papillomaviruses many hours postinfection appears incon-
gruent with the rapid internalization reported by EM-based
studies (Liu et al., 2001; Zhou et al., 1995) and with the
entry kinetics reported for other small, naked, DNA viruses
such as SV-40 and mouse polyomavirus (An et al., 2000;
Clever et al., 1991; Kartenbeck et al., 1989; Mackay and
Consigli, 1976).
We used a recently described quantitative RT-PCR (QRT-
PCR) assay (Culp and Christensen, 2003) to analyze the
kinetics of papillomavirus infection. Infection studies were
performed in multiple cell lines to determine the kinetics of
viral gene expression, adsorption, and escape from neutral-ization. The majority of described experiments utilized
HPV-11 virions; however, we also present evidence that
cottontail rabbit papillomavirus (CRPV) and HPV-40 viri-
ons have similar infection kinetics. Our results suggest that
papillomaviruses may enter cultured cells very slowly with a
large fraction of infectious particles remaining both acces-
sible and susceptible to neutralization by MAb for >24 h.
During this apparent delay in entry, capsomeric structure
appears to be largely maintained as virions remain equally
susceptible to nonspecific microbicides and to MAbs bind-
ing linear or conformationally sensitive surface epitopes.Results
HPV-11 E1^E4 expression profiles
Our first set of experiments was designed to determine
the pattern and reproducibility of the expression of viral
E1^E4 transcripts during a time course following infection
with HPV-11 virions. Transcripts containing the E1^E4
splice junction are prevalent following HPV-11 infection
(Stoler et al., 1990) with E1^E4 transcript levels correlating
linearly with viral input (Culp and Christensen, 2003). Near
confluent monolayers were infected at a multiplicity of 150
(virus particles per cell). At the indicated time points
postinfection, the cell contents were harvested and assayed
for viral transcripts (Fig. 1). In each case, the expression of
HPV-11 E1^E4 transcripts over the time course shows a
high degree of reproducibility. Importantly, distinct profiles
indicate that the delivery and expression of vDNA is
characteristic for individual cell lines. Three cell lines tested,
A431, HaCaT, and KH-SV (human keratinocytes trans-
formed by SV40), have similar profiles with the levels of
E1^E4 transcripts increasing throughout the time course.
While comparisons between different cell lines and experi-
ments should be made with caution, the absolute Ct values
for E1^E4 transcripts consistently indicated that HPV-11
expression in KH-SV cells was many fold less than expres-
sion in A431, HaCaT, or COS-7 cells (Table 1). Like the
KH-SV cells, the BO-SV cells (human keratinocytes trans-
formed by SV40) also expressed low levels of E1^E4
transcripts following infection with HPV-11. Despite rela-
tively poor expression, however, BO-SV cells yielded a
unique and reproducible saddle-shaped expression profile.
COS-7 cells yielded a distinct expression profile for
HPV-11 E1^E4. The QRT-PCR assay revealed the highest
levels of viral transcripts accumulated in COS-7 at 48 h p.i.,
and unlike the other cell lines tested, the COS-7 cells did not
sustain or increase in E1^E4 levels after this time point, but
rather showed a sharp decline in viral transcripts. We saw no
change in COS-7 morphology, total RNA levels, or endog-
enous reference transcript levels (TBP) coincidental with the
drop in E1^E4 levels (data not shown).
Fig. 1 suggests that, in general, the number of viral
transcripts in infected cells increases slowly and gradually
Table 1
Mean Ct values (FSEM) for peak E1^E4 expression
Cell line Peak E1^E4
expression (h p.i.)
E1^E4 Ct value TBP Ct value
A431 120 28.84 F 0.04 21.09 F 0.03
HaCaT 120 27.93 F 0.04 20.68 F 0.10
KH-SV 120 31.47 F 0.15 24.37 F 0.04
BO-SV 120 32.98 F 0.21 23.77 F 0.15
COS-7 48 27.30 F 0.08 19.98 F 0.06
Values are calculated from triplicate multiplex reactions. Ct values for the
endogenous reference transcript (TATA-binding protein, TBP) in KH-SV
and BO-SV are higher than for other cell lines due to primer limitation
required to keep E1^E4 Ct values as low as possible (Culp and Christensen,
2003).
Fig. 1. Expression profiles of HPV-11. Near confluent monolayers were
infected with HPV-11 at an m.o.i. of 150 particles per cell in 1 ml of
medium followed by incubation at 37 jC. Twenty-four hours postinfection,
monolayers were fed an additional 2 ml of medium. Monolayers were
harvested with TRIzol at the indicated hours postinfection (abscissa).
Expression of E1^E4 transcripts at indicated time points was determined by
QRT-PCR and is shown relative to expression at 96 h (ordinate). Results
shown are means (FSEM) for two independent experiments for each cell
line.
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this gradual increase in E1^E4 transcripts include slow
adsorption kinetics, slow entry kinetics, and a delay in
expression following delivery of the vDNA.Limited early E1^E4 expression
Except for the BO-SV cells, the expression profiles (Fig.
1) for all cell lines tested show a pattern of slowly accumu-
lating E1^E4 transcripts in the RNAs of infected cells for 48
h or more following infection. To evaluate the expression of
viral transcripts at earlier time points, we performed the
second set of expression experiments for HaCaT and COS-7
cells with additional RNA harvests at 6 and 12 h p.i. (Fig.
2A). These two cell lines were chosen due to their superior
expression of E1^E4 transcripts as judged by raw Ct values
(Table 1). In HPV-11-infected HaCaT cells, the expression
of viral transcripts was undetectable by QRT-PCR at 6 h and
was barely detectable at 12 h p.i. COS-7 cells had measur-
able, but very low relative E1^E4 levels at both of these
early time points.
We have previously shown that the QRT-PCR assay is
more sensitive than RT followed by a single round of PCR,
but less sensitive than nested RT-PCR as judged by visual-
ization of amplicons in ethidium-stained agarose (Culp and
Christensen, 2003). To determine if E1^E4 transcripts could
be detected at the early time points in both cell types, we
used nested RT-PCR to analyze select RNA isolates previ-
ously assayed by QRT-PCR (Fig. 2B). Results of nested RT-
PCR demonstrate that at 6 h p.i., the isolated RNAs from
both COS-7 and HaCaTs contain detectable E1^E4 tran-
scripts. These results confirm that at least a few virions can
enter cultured cells rapidly and are consistent with earlier
reports that nested RT-PCR can detect early BPV-4 and
HPV-31b transcripts at 2 and 4 h p.i., respectively (Ozbun,
2002; Sibbet et al., 2000). The presence of viral transcripts
containing the E1^E4 splice junction at 6 h p.i. is also
congruent with earlier reports that these transcripts are the
most prevalent during HPV-11 infection (Stoler et al., 1990).
The targeted E1^E4 transcripts are demonstrated here to be
expressed soon after infection and thus are appropriate for
this investigation.
While E1^E4 transcripts can be detected by nested RT-
PCR in at least two cell lines at only 6 h p.i., the QRT-PCR
results clearly demonstrate that the bulk of these transcripts
ology 319 (2004) 152–161
Fig. 2. Detection of E1^E4 transcripts at earlier time points. Monolayers of COS-7 and HaCaTs were infected as described in Fig. 1, with additional harvests at
6 and 12 h p.i. Levels of viral transcripts in total isolated RNAs were assayed by both QRT-PCR (A) and nested RT-PCR (B).
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many hours later (Fig. 2A).
HPV-40 and CRPV expression
To determine if the delayed expression of viral transcripts
was virus type-specific or representative of other papillo-
maviruses, we infected A431, HaCaT, and COS-7 cells with
HPV-40 virions (undetermined m.o.i.). As shown in Fig. 3,
the level of HPV-40 E1^E4 transcripts peaked in both
HaCaT and COS-7 cells at 72 h p.i. Interestingly, while
the COS-7 cells displayed similar expression profiles for
both HPV-11 and -40, the HaCaT cells did not maintain high
levels of E1^E4 transcripts following infection with HPV-40
as they did reproducibly with HPV-11. Rather, the HaCaTFig. 3. Expression profiles of other papillomaviruses. HPV-40 virions were used
was used to infect RK-13 cells using the experimental design described in Fig. 1. I
and assayed by QRT-PCR.expression profile mirrors that of the COS-7 cells. A431
cells showed similar expression profiles for both HPV-11
and HPV-40 E1^E4 with peak expression at 120 h p.i. We
repeated the HPV-40 infection experiments using a 10-fold
reduction in virus input and saw similar results for all three
cell types, suggesting that the difference in the expression of
HPV-11 and HPV-40 by HaCaT cells is due to a type-
specific virus–host cell interaction and is not an artifact of a
higher virus input (data not shown).
To further explore the infection kinetics of papillomavi-
ruses we infected RK13 cells (rabbit keratinocytes) with
authentic CRPV virions (m.o.i. unknown) (Fig. 3). Follow-
ing infection with CRPV, RK13 cells displayed an expres-
sion profile similar to that seen with HPV-11-infected
HaCaT, A431, and KH-SV cells and HPV-40-infectedto infect monolayers of A431, COS-7, and HaCaTs while infectious CRPV
nfected monolayers were harvested with TRIzol at the indicated time points
Fig. 5. Effect of rinsing on viral infection. Near confluent monolayers of
A431 cells were infected with HPV-11 in 1 ml medium. Twenty-four hours
postinfection, monolayers were left unrinsed (NoR), mock-rinsed with cell
supernatant (Mock), medium exchanged without rinsing (ME), or rinsed 2
before a medium exchange (2R + ME). The spent medium from ME wells
was transferred onto uninfected monolayers to assay for any remaining
unbound virus (SM). Additionally, H11.H3, a capsid-targeting neutralizing
MAb, was added to select unrinsed monolayers (NoR + MAb) and to select
mock-rinsed monolayers (Mock + MAb). At 48 h p.i., all wells were fed
additional 2 ml of DMEM and cell contents were harvested at 96 h. Results
shown are means (FSEM).
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infection with HPV-40 and CRPV occur with kinetics
similar to those of HPV-11.
Adsorption to cell surface
We questioned whether the delayed expression of viral
transcripts might be due to an inability of the virions to
quickly adsorb to the glycocalyx of the cultured cells rather
than due to the slow entry of adsorbed virus. To assay for
adsorption rates using QRT-PCR, monolayers were infected
with HPV-11 and rinsed at 6, 12, 24, 36, or 48 h p.i. All
monolayers were harvested at 96 h p.i. Fig. 4 shows that for
most cell lines, the majority of virions contributing to
expression at 96 h p.i. could resist rinsing by 24 h p.i.
HaCaT cells showed the highest adsorption rate with two-
thirds of the contributing infectious virions being resistant to
rinsing at 6 h p.i. BO-SV cells displayed a very slow
adsorption rate in two independent experiments. These
human keratinocytes do not express a6-integrin which
was previously shown to be necessary for HPV-6b VLP
binding (Evander et al., 1997), but not necessary for
successful infection by BPV-4 (Sibbet et al., 2000) and
HPV-11 (Kirnbauer, personal communication). It is con-
ceivable that the poor adsorption rate of HPV-11 to BO-SV
cells might be directly or indirectly influenced by the lack of
a6-integrin at the cell surface, although this possibility was
not tested.
Additionally, we performed experiments to determine if
rinse-induced shear stress on the monolayer might, by some
unknown mechanism, retard viral infection (Fig. 5). ShearFig. 4. Kinetics of adsorption to monolayers. Near confluent monolayers in 6-well
followed by incubation at 37 jC. At the indicated time points (hours postinfection)
were given 1 ml fresh medium with an additional 2 ml medium given to all cult
strongly affect E1^E4 expression at harvest. All monolayers were harvested with T
the ordinate relative to expression in an unrinsed HPV-11-infected monolayer given
BO-SV was determined by two independent experiments due to unexpected resustresses generated by repeated ‘‘mock’’ rinsing with cell
supernatants at 24 h p.i. showed no effect on the final
expression of E1^E4 transcripts at 96 h. This lack of effectplates were infected with 150 particles per cell of HPV-11 in 1 ml medium
, monolayers were rinsed 2 with PBS (abscissa). After rinsing, monolayers
ures at 48 h p.i. to reduce the possibility that differences in feeding would
RIzol at 96 h p.i. E1^E4 expression in each rinsed monolayer is shown on
2 ml additional medium at 48 h p.i. (dotted line). Adsorption of HPV-11 to
lts. BO-SV results are shown as means (FSEM).
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following the shear stress treatment and in samples without
added neutralizing MAb, suggesting that neither viral ex-
pression nor post-rinse viral entry was affected by this
treatment. Additionally, no significant differences were seen
between monolayers receiving replacement medium versus
monolayers rinsed 2 before medium replacement. Evi-
dence of a small amount of infectious virions in the spent
medium of A431 cells transferred at 24 h to an uninfected
monolayer is also shown. Finally, experiments have dem-
onstrated no difference in E1^E4 expression between mono-
layers rinsed with PBS versus those rinsed with DMEM
(data not shown).
To determine how a 1-h incubation at 4 jC immediately
following infection affects adsorption, we incubated HaCaT
cells at 4 or 37 jC for 1 h following infection with HPV-11
and then placed both plates at 37 jC for five additional
hours before rinsing and medium replacement. This exper-
iment revealed that levels of E1^E4 transcripts at 48 h were
not affected by a 1-h incubation at 4 jC immediately
following infection (data not shown).
Viral entry
To determine if the delayed expression of E1^E4 tran-
scripts seen in tested cell lines might be due to the slow
entry of virions following their attachment to cultured cells,
we measured the rate at which adsorbed virions were
protected from neutralization by capsid-targeting MAbs
and a nonspecific high-molecular-weight microbicide, poly-
styrene sulfonate (PSS) (Christensen et al., 2001). In these
experiments, cells were infected with 150 virus particles per
cell and incubated at 37 jC for 24 h at which time allFig. 6. Escape of HPV-11 from neutralization by capsid-targeting MAb. Near confl
for 24 h at 37 jC. All monolayers were then rinsed 2 with PBS followed
postinfection), excess H11.H3 (IgG2b) was added to cell culture supernatants (abs
monolayer is shown on the ordinate relative to that seen in monolayers treated wmonolayers were rinsed to remove unattached virions. At
subsequent time points, a capsid-targeting MAb, or PSS,
was added to neutralize any accessible virions. All cultures
were then harvested at 96 h p.i. Fig. 6 shows the results of
experiments with the neutralizing MAb H11.H3 (IgG2b)
which targets the HI hypervariable loop of L1 in a con-
formationally dependent manner (Ludmerer et al., 2000). In
all five cell types tested, the large majority of virions that
eventually contribute to the levels of viral E1^E4 transcripts
at the 96-h time point could be neutralized by the MAb at 24
h p.i. Addition of H11.H3 at 48 h p.i. neutralized a large
percentage of contributing infectious virions on several cell
lines and remarkably at least two cell lines showed that a
significant number of virions could be neutralized even at
72 h p.i. It should be stressed that all cultures were rinsed at
24 h p.i.; therefore, virions neutralized at 48 and 72
h remained accessible and susceptible to capsid-targeting
MAb for at least 24 or 48 h, respectively.
To investigate the possibility that conformational
changes may occur in the viral capsid upon binding its cell
surface receptor(s), similar experiments were performed
with three additional MAb antibodies, H11.B2 (IgG2b)
which binds the DE hypervariable loop (Ludmerer et al.,
1996), G131S11.G3 (IgM) which requires hypervariable
loops FG and HI (Ludmerer et al., 2000), and H6.C6
(IgG2a) which binds a linear epitope at the N-terminus
(Christensen et al., 1996). We hypothesized that if large
conformational changes occurred in the capsid following
interaction with the cell surface, then H6.C6, which binds a
linear epitope, might neutralize a larger fraction of HPV-11
virions at later time points than the three antibodies binding
conformationally dependent epitopes on the hypervariable
loops. We performed these experiments using three differentuent monolayers were infected with HPV-11 in 1 ml medium then incubated
by replacement with 3 ml medium. At the indicated time points (hours
cissa). All monolayers were harvested at 96 h p.i. E1^E4 expression in each
ith H16.V5, an HPV-16 specific IgG2b (dotted line).
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MAb to neutralize attached virus at 24, 48, and 72 h (Fig.
7a). Additionally, in a separate experiment, we tested the
ability of PSS to neutralize virus adsorbed to A431 cells at
the same time points postinfection and found that this
nonspecific high-molecular-weight microbicide blocked in-
fection with kinetics similar to all MAb tested (Fig. 7b).
These experiments suggest that, even 24–48 h after adsorp-
tion to the cell surface, a large fraction of virions have not
undergone structural changes affecting three conformation-
ally sensitive surface epitopes.
Consistent with the findings for HPV-11, the majority of
HPV-40 contributing to the 72-h expression in A431 could
be neutralized at 30 h p.i. by H40.B5, a MAb prepared
against HPV-40 L1 VLP in our lab (Christensen et al.,
unpublished data) (Fig. 7c). Similarly, greater than 50% of
the CRPV contributing to 96-h expression levels in RK13
cells could be neutralized by CRPV.1A (Christensen and
Kreider, 1991) added at 30 h p.i. (Fig. 7d).
Because COS-7 cells showed a unique expression profile
for HPV-11 with the peak in expression of E1^E4 transcripts
at 48 h, we performed an additional experiment to determine
the entry kinetics of the virions contributing to this peak.
The addition of H11.H3 to cell culture supernatants at 8 h
p.i. completely eliminated viral transcripts at 48 h. Addition
of H11.H3 to supernatants at 24 h p.i. reduced the number of
viral transcripts present at 48 h by more than 4-fold from
those present in cells treatment with an isotype control (data
not shown). These findings indicate that the majority of
virions contributing to the 48-h peak of E1^E4 expression in
COS-7 cells remain both accessible and susceptible to
neutralizing antibodies even 24 h p.i.Fig. 7. Neutralization of pre-adsorbed papillomaviruses. (a and b) Comparison o
inhibit infection by pre-adsorbed virions. Near confluent monolayers of A431 cel
Excess capsid-targeting MAbs or polystyrene sulfonate (100 Ag) was added at t
TRIzol. Expression is shown relative to mock-treated monolayers. Similar results w
not shown). (c) Ability of H40.B5 to neutralize HPV-40 30 h after infection of A
RK13 cells.Discussion
Our experiments suggest that papillomavirus infection of
cultured cells occurs with remarkably slow kinetics under the
described experimental conditions. Additionally, there
appears to be a large ‘‘window of neutralization’’ for papil-
lomaviruses, defined as the period following adsorption
during which virions are both accessible and susceptible to
neutralization by capsid-targeting MAb. This large ‘‘win-
dow’’ is most easily explained by slow entry into the
cytoplasm, but conceivably might be due to an extended
period in the endosomal pathway allowing pinocytosed MAb
to access virus-containing vesicles leading to neutralization
within endosomes. Such extremely slow entry/trafficking
using infectable cell lines is unreported for other in vitro
infection models using naked or enveloped viruses. Other
small, naked, DNA viruses, such as SV40 and mouse poly-
omavirus, have been shown to enter cells within several
minutes to several hours at wide-ranging m.o.i. with no
reports of a large population of virions being retained at the
cell surface (Kartenbeck et al., 1989; Mackay and Consigli,
1976).
The slow expression kinetics of HPV-11 cannot be
explained solely by low adsorption rates. Sufficient virions
to produce measurable levels of E1^E4 transcripts in A431
cells at 96 h (by nested RT-PCR) can resist stringent
rinsing only 15 min p.i. (unpublished results). For all but
one cell line tested, our data demonstrate that when
infected with 150 particles per cell, the majority of
authentic HPV-11 virions contributing to viral transcripts
at 96 h have adsorbed to the infected monolayer by 24
h p.i. Consistent with these findings, C127 cells weref abilities of neutralizing MAbs (a) and polystyrene sulfonate (PSS) (b) to
ls were infected with HPV-11 in 1 ml medium and then rinsed at 24 h p.i.
he indicated time points. All monolayers were harvested at 96 h p.i. with
ere obtained for the same MAb panel using COS-7 and KH-SV cells (data
431 cells. (d) Neutralization of CRPV by CRPV.1A 30 h after infection of
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tion rates for BPV-1 virions (>90% attachment within 45
min), however, we have shown that BPV-1 infection of
these same cells can be largely neutralized by capsid-
targeting antibodies even 24 h p.i. (Christensen et al.,
1995).
Binding of HPV-11 to HaCaT cells was not improved by
a 1-h incubation at 4 jC following infection. This finding
correlates with the lack of benefit found for low temperature
incubation on the binding of mouse polyomavirus to pri-
mary mouse embryo fibroblasts (Mackay and Consigli,
1976). The m.o.i. used in our experiments (150 particles
per cell) is unlikely to saturate the ubiquitous attachment
receptors (heparan sulfate) for papillomaviruses. Other
groups have infected similar cell lines at much higher
m.o.i. and reported no evidence of saturation (Zhou et al.,
1995). Importantly, the ability to neutralize virions 24–72
h p.i. was observed following a 2 rinse at 24 h (Fig. 6).
Therefore, only virions which had successfully attached to
the cell surface by this time point could contribute to
transcript levels at 96 h.
While it is clear from our work and the findings of others
(Ozbun, 2002; Sibbet et al., 2000) that a small, yet detect-
able amount of virions enters and initiates transcription
within a few hours postinfection, a quantitative analysis of
E1^E4 transcripts shows a large increase in viral transcripts
48–120 h p.i. depending upon cell line. The ability to
significantly reduce the level of viral transcripts at time
points of peak expression using a capsid-targeting MAb
applied hours and even days postinfection, indicates that the
increase in E1^E4 viral transcripts seen over time is due
neither to vDNA replication nor to increases in the rate of
transcription per viral genome, but rather to the retarded
entry/trafficking of previously adsorbed virions. More lim-
ited experiments with HPV-40 and CRPV confirm that other
papillomaviruses enter host cells with similar slow kinetics.
Our data suggest, in fact, that the majority of adsorbed virus
particles remains at the cell surface for 24 h or more during
which time virions are equally susceptible to nonspecific
microbicides and to neutralization by capsid-targeting MAb
binding either linear or conformationally sensitive epitopes.
This finding argues that papillomaviruses do not undergo
large conformational changes following prolonged interac-
tion with the cell surface, although subtle changes in capsid
structure cannot be ruled out.
Retarded entry kinetics might conceivably be due to
multiple causes including sparse or occluded secondary
receptors, a clustering requirement before endocytosis, or
complex interactions with primary receptors. Alternatively,
papillomavirus virions might be endocytosed and recycled
to the cell surface multiple times before being properly
trafficked to the cell nucleus. Secondary receptors for
papillomaviruses are currently only hypothetical. The fact
that one virion per cell can lead to a detectable in vitro
infection (Culp and Christensen, 2003; Ozbun, 2002) argues
against the need to cluster virions and suggests that papil-lomaviruses are highly efficient in their ability to interact
with endocytic machinery to insure appropriate targeting.
We are currently investigating the hypothesis that excessive
interactions with heparan sulfate moieties at the cell surface
impede viroplexis.
It is likely that papillomavirus particles might be capable
of entering cells by both infectious and noninfectious path-
ways. The particular pathway used by a given particle may
be determined by several factors including m.o.i., site of
initial attachment, condition of the glycocalyx, and the
particular characteristics of a given particle. It has been
shown in the mouse polyomavirus system, for example, that
bulk internalization of pseudovirions can occur by a recep-
tor-independent, cytochalasin D-sensitive pathway which is
separate from the receptor-dependent, cytochalasin D-insen-
sitive endocytosis utilized by individual polyomavirus viri-
ons and pseudovirions that succeed in delivering DNA for
transcription (Krauzewicz et al., 2000).
It remains unclear how accurately surrogate papillomavi-
rus particles such as VLPs and pseudovirions model the
uptake of authentic virions. Recently, it was reported that
HPV-16 VLPs and BPV-1 virions applied at a high m.o.i.
(1.5 104) co-localized within vesicles in C127 cells at 4 and
8 h p.i. (Day et al., 2003). It is difficult to know, however,
whether the population of BPV-1 virions shown to be co-
localizing with the VLPs was progressing successfully down
an infectious pathway. Because of the limits of detection,
studies that rely primarily upon fluorescent microscopy or
EM for determining papillomavirus entry kinetics may have
difficulty in distinguishing between an infectious and a
noninfectious pathway of entry. Because QRT-PCRmeasures
a product of successfully targeted vDNA, the experiments we
have described reveal only the kinetics of the infectious
pathway.
For the studies described in this report, cells were infected
with approximately 150 particles per cell as determined by an
EM count of particles in virus stock. The number of actual
infectious virions is presumably lower, although this was not
empirically addressed. While an m.o.i. of 150 would be
considered high for many viral systems, it is considerably
lower than that used in previous studies on BPV-1 entry (Day
et al., 2003; Liu et al., 2001; Zhou et al., 1995). Papilloma-
viruses can initiate in vitro infections at an m.o.i. of <1 (Culp
and Christensen, 2003; Ozbun, 2002), but the level of tran-
scripts generated at such low m.o.i. is below the sensitivity
level of our QRT-PCR assay.
It was previously reported that monolayers grown to
higher densities showed a reduced rate of internalization for
BPV-1 virions (106 particles per cell) as assayed by EM
(Zhou et al., 1995). It was suggested by Zhou et al. that the
ability to neutralize a large fraction of BPV-1 virions 24
h following infection (Christensen et al., 1995) might be due
to the use of cells at higher density than those used in EM
studies. While a correlation between slow entry rate and high
cell density cannot be ruled out for every cell line–virus
combination, our observations with HPV-11 and multiple cell
T.D. Culp, N.D. Christensen / Virology 319 (2004) 152–161160lines are contrary to this, suggesting rather that confluent
monolayers take up virions faster than subconfluent cells
(Christensen et al., 1995, and unpublished results). While
natural infections cannot be perfectly modeled using cultured
cells, it seems reasonable that the infection of near confluent
cells more closely models in vivo infections than infection of
cells at low density.
Interestingly, raw Ct values suggest that the two human
keratinocyte cell lines transformed with SV40 had relatively
poor expression of HPV-11 E1^E4 transcripts (Table 1). Poor
HPV-11 expression cannot be due to SV40 transformation
alone as COS-7 cells showed strong expression for both
HPVs tested. It is notable that COS-7 cells, the least appro-
priate host cell for HPV infection in this study, seem to have
different entry/expression kinetics for HPV-11 than the more
biologically relevant human keratinocytes and epithelial
cells.
Importantly, rabbit keratinocytes infected with CRPV
showed similar kinetics to those seen in human keratino-
cytes infected with HPVs. In as far as the infection results
for cultured keratinocytes and epithelial cells reflect the in
vivo infection kinetics of damaged epithelium, our findings
suggest that capsid-targeting circulating and mucosal anti-
bodies may have a large window of opportunity to access
and block infection following the introduction of papillo-
maviruses to the epithelium.Materials and methods
Cells and virus
A431 and COS-7 cells were grown in DMEM (5% FBS).
HaCaT cells (Boukamp et al., 1988) were grown in DMEM
(10% FBS). RK13 cells were grown in Eagle’s medium
(10% FBS). BO-SV and KH-SV were cultured in KGM
(Clonetics). HPV-11 stocks were produced and quantified as
previously described (Culp and Christensen, 2003). Briefly,
HPV-11-infected xenografts were harvested from athymic
mice and homogenized to release virus. HPV-11 particles
were quantified by EM. CRPV virions were obtained from
infected rabbit xenografts grown in athymic mice. HPV-40
was obtained from a patient lesion as previously described
(Christensen et al., 1997).
Infections/neutralization
Cultured cells were trypsinized and seeded at 5  105
(A431, COS-7, HaCaT, and RK13) or 1  106 (KH-SV
and BO-SV) in 6-well plates or 35-mm culture dishes
and infected 24–48 h later when 90–95% confluent.
Spent medium was removed and replaced with 1 ml
fresh medium containing virus for the infection step.
Where indicated, rinsing was performed by aspiration of
cell culture supernatant followed by two rinses with 3 ml
PBS each. For neutralization experiments shown in Fig.6, H11.H3 and H16.V5 were each used at a final
concentration of 133 nM. For the HPV-11 neutralization
experiments shown in Figs. 5 and 7, all final concen-
trations of antibodies were 4 the titered concentration
required for neutralization, specifically 1 nM (H11.H3),
16.7 nM (H11.B2), 4.4 nM (G131S.G3), and 17.1 AM
(H6.C6). Adsorbed CRPV was neutralized with a 1:1000
dilution of CRPV.1A ascites (in DMEM). Adsorbed HPV-
40 was neutralized with a 1:200 dilution of H40.B5
ascites (in DMEM). For all experiments, at the indicated
time points postinfection, cells were lysed and harvested
with TRIzol (Invitrogen).
Assay of viral transcripts
Total RNAs were isolated from TRIzol by alcohol
precipitation and RNA concentration was determined by
spectrophotometry. QRT-PCR was performed as previously
described with the levels of E1^E4 transcripts compared
based on the levels of the endogenous reference transcript
(TBP) (Culp and Christensen, 2003). One microgram of
total RNA was assayed in triplicate multiplex reactions for
the levels of TBP and E1^E4 transcripts using Quantitect
Probe RT-PCR Kit (Qiagen) on the Mx-4000 (Stratagene).
Amplification primers (Penn State College of Medicine
Core Facility) and Taqman fluorogenic probes (Biosearch
Technologies) for TBP and HPV-11 E1^E4 were used as
previously described (Culp and Christensen, 2003). Ampli-
fication primers for HPV-40 were 5V TGTGCAGCTACA-
GAGTGACA 3V and 5V GTCAGCAGTCTCAACAATGG
3V and were used at 400 nM and 1.2 AM, respectively.
The fluorogenic probe for HPV-40 was 5V 6-FAM
d(TGGCAGACTCTCCAGTACTATCGAGGAA) BHQ-1
3V (Biosearch Technologies) used at 100 nM. CRPV
E1^E4 transcripts were amplified using 5V GTGCC-
CGGAGTGTTGTAA 3Vand 5V GGTGTCTTCAGGGG-
CACT 3V used at 400 nM and 1.2 AM, respectively. The
fluorogenic probe specific for CRPV transcripts was 5V 6-
FAM d(TGAAAATGGCTGAAGCTCCCC) BHQ-1 3V
(Biosearch Technologies) and was used at 100 nM. All
QRT-PCR data were analyzed using REST software (Pfaffl
et al., 2002).
Nested RT-PCR for HPV-11 E1^E4 containing tran-
scripts was performed as previously described (Ludmerer
et al., 2000) using the GeneAmp RNA PCR Core Kit
(Applied Biosystems).Acknowledgments
This work was supported in part by Public Health
Service Program Project Grant PO1 AI37829 from the
National Institutes of Allergy and Infectious Diseases, by
the Jake Gittlen Memorial Golf Tournament, and by a
National Science Foundation Graduate Research Fellowship
(TDC).
T.D. Culp, N.D. Christensen / Virology 319 (2004) 152–161 161ReferencesAn, K., Lovgren, T.R., Tilley, M.B., Consigli, R.A., 2000. Use of the
confocal microscope to determine polyomavirus recombinant capsid-
like particle entry into mouse 3T6 cells. J. Virol. Methods 84, 153–159.
Bonnez, W., Rose, R.C., Da Rin, C., Borkhuis, C., De Mesy Jensen,
K.L., Reichman, R.C., 1993. Propagation of human papillomavirus
type 11 in human xenografts using the severe combined immuno-
deficiency (SCID) mouse and comparison to the nude mouse mod-
el. Virology 197, 455–458.
Boukamp, P., Petrussevska, R.T., Breitkreutz, D., Hornung, J., Markham, A.,
Fusenig, N.E., 1988. Normal keratinization in a spontaneously immor-
talized aneuploid keratinocyte cell line. J. Cell Biol. 106, 761–771.
Bousarghin, L., Touze, A., Sizaret, P.Y., Coursaget, P., 2003. Human pap-
illomavirus types 16, 31, and 58 use different endocytosis pathways to
enter cells. J. Virol. 77, 3846–3850.
Brown, D.R., McClowry, T.L., Bryan, J.T., Stoler, M., Schroeder-Diedrich,
J.M., Fife, K.H., 1998. A human papillomavirus related to human
papillomavirus MM7/LVX82 produces distinct histological abnormal-
ities in human foreskin implants grown as athymic mouse xenografts.
Virology 249, 150–159.
Chow, L.T., Reilly, S.S., Broker, T.R., Taichman, L.B., 1987. Identification
and mapping of human papillomavirus type 1 RNA transcripts recov-
ered from plantar warts and infected epithelial cell cultures. J. Virol. 61,
1913–1918.
Christensen, N.D., Kreider, J.W., 1991. Neutralization of CRPV infectivity
by monoclonal antibodies that identify conformational epitopes on in-
tact virions. Virus Res. 21, 169–179.
Christensen, N.D., Cladel, N.M., Reed, C.A., 1995. Postattachment neu-
tralization of papillomaviruses by monoclonal and polyclonal antibod-
ies. Virology 207, 136–142.
Christensen, N.D., Reed, C.A., Cladel, N.M., Hall, K., Leiserowitz, G.S.,
1996. Monoclonal antibodies to HPV-6 L1 virus-like particles identify
conformational and linear neutralizing epitopes on HPV-11 in addition
to type-specific epitopes on HPV-6. Virology 224, 477–486.
Christensen, N.D., Koltun, W.A., Cladel, N.M., Budgeon, L.R., Reed,
J.W., Kreider, J.W., Welsh, P.A., Patrick, S.D., Yang, H., 1997. Coin-
fection of human foreskin fragments with multiple human papillomavi-
rus types (HPV-11, -40, -LVX82/MM7) produces regionally separate
HPV infections within the same athymic mouse xenograft. J. Virol. 71,
7337–7344.
Christensen, N.D., Reed, C.A., Culp, T.D., Hermonat, P.L., Howett,
M.K., Anderson, R.A., Zaneveld, L.J., 2001. Papillomavirus micro-
bicidal activities of high-molecular-weight cellulose sulfate, dextran
sulfate, and polystyrene sulfonate. Antimicrob. Agents Chemother.
45, 3427–3432.
Clever, J., Yamada, M., Kasamatsu, H., 1991. Import of simian virus-40
virions through nuclear pore complexes. Proc. Natl. Acad. Sci. U.S.A.
88, 7333–7337.
Crawford, L.V., Crawford, E.M., 1963. A comparative study of polyoma
and papilloma viruses. Virology 21, 258–283.
Culp, T.D., Christensen, N.D., 2003. Quantitative RT-PCR assay for HPV
infection in cultured cells. J. Virol. Methods 111, 135–144.
Day, P.M., Lowy, D.R., Schiller, J.T., 2003. Papillomaviruses infect cells
via a clathrin-dependent pathway. Virology 307, 1–11.
Evander, M., Frazer, I.H., Payne, E., Qi, Y.M., Hengst, K., McMillan,
N.A.J., 1997. Identification of the a(6) integrin as a candidate receptor
for papillomaviruses. J. Virol. 71, 2449.
Giroglou, T., Florin, L., Schafer, F., Streeck, R.E., Sapp, M., 2001. Human
papillomavirus infection requires cell surface heparan sulfate. J. Virol.
75, 1565–1570.
Joyce, J.G., Tung, J.S., Przysiecki, C.T., Cook, J.C., Lehman, E.D., Sands,
J.A., Jansen, K.U., Keller, P.M., 1999. The L1 major capsid protein of
human papillomavirus type 11 recombinant virus-like particles interactswith heparin and cell-surface glycosaminoglycans on human keratino-
cytes. J. Biol. Chem. 274, 5810–5822.
Kartenbeck, J., Stukenbrok, H., Helenius, A., 1989. Endocytosis of
simian virus 40 into the endoplasmic reticulum. J. Cell Biol. 109,
2721–2729.
Kirnbauer, R., Booy, F., Cheng, N., Lowy, D.R., Schiller, J.T., 1992. Pap-
illomavirus L1 major capsid protein self-assembles into virus-like par-
ticles that are highly immunogenic. Proc. Natl. Acad. Sci. U.S.A. 89,
12180–12184.
Krauzewicz, N., Stokrova, J., Jenkins, C., Elliott, M., Higgins, C.F., Grif-
fin, B.E., 2000. Virus-like gene transfer into cells mediated by polyoma
virus pseudocapsids. Gene Ther. 7, 2122–2131.
Kreider, J.W., Howett, M.K., Leure-Dupree, A.E., Zaino, R.J., Weber, J.A.,
1987. Laboratory production in vivo of infectious human papillomavi-
rus type 11. J. Virol. 61, 590–593.
LaPorta, R.F., Taichman, L.B., 1982. Human papilloma viral DNA repli-
cates as a stable episome in cultured epidermal keratinocytes. Proc.
Natl. Acad. Sci. U.S.A. 79, 3393–3397.
Liu, W.J., Qi, Y.M., Zhao, K.N., Liu, Y.H., Liu, X.S., Frazer, I.H., 2001.
Association of bovine papillomavirus type 1 with microtubules. Virol-
ogy 282, 237–244.
Ludmerer, S.W., Benincasa, D., Mark III, G.E., 1996. Two amino acid
residues confer type-specificity to a neutralizing, conformationally
dependent epitope on human papillomavirus type 11. J. Virol. 70,
4791–4794.
Ludmerer, S.W., McClements, W.L., Wang, X.M., Ling, J.C., Jansen, K.U.,
Christensen, N.D., 2000. HPV11 mutant virus-like particles elicit im-
mune responses that neutralize virus and delineate a novel neutralizing
domain. Virology 266, 237–245.
Mackay, R.L., Consigli, R.A., 1976. Early events in polyoma virus infec-
tion: attachment, penetration, and nuclear entry. J. Virol. 19, 620–636.
Meyers, C., Frattini, M.G., Hudson, J.B., Laimins, L.A., 1992. Biosyn-
thesis of human papillomavirus from a continuous cell line upon epi-
thelial differentiation. Science 257, 971–973.
Meyers, C., Mayer, T.J., Ozbun, M.A., 1997. Synthesis of infectious human
papillomavirus type 18 in differentiating epithelium transfected with
viral DNA. J. Virol. 71, 7381.
Mu¨ller, M., Gissmann, L., Cristiano, R.J., Sun, X.-Y., Frazer, I.H., Jenson,
A.B., Alonso, A., Zentgraf, H., Zhou, J., 1995. Papillomavirus capsid
binding and uptake by cells from different tissues and species. J. Virol.
69, 948–954.
Ozbun, M.A., 2002. Infectious human papillomavirus type 31b: purifica-
tion and infection of an immortalized human keratinocyte cell line.
J. Gen. Virol. 83, 2753–2763.
Pfaffl, M.W., Horgan, G.W., Dempfle, L., 2002. Relative expression soft-
ware tool (REST) for group-wise comparison and statistical analysis of
relative expression results in real-time PCR. Nucleic Acids Res. 30, e36.
Roden, R.B., Kirnbauer, R., Jenson, A.B., Lowy, D.R., Schiller, J.T., 1994.
Interaction of papillomaviruses with the cell surface. J. Virol. 68,
7260–7266.
Sapp, M., Volpers, C., Mu¨ller, M., Streeck, R.E., 1995. Organization of the
major and minor capsid proteins in human papillomavirus type 33
virus-like particles. J. Gen. Virol. 76, 2407–2412.
Sibbet, G., Romero-Graillet, C., Meneguzzi, G., Campo, M.S., 2000. a6
integrin is not the obligatory cell receptor for bovine papillomavirus
type 4. J. Gen. Virol. 81 (Pt 2), 327–334.
Stoler, M.H., Whitbeck, A., Wolinsky, S.M., Broker, T.R., Chow, L.T.,
Howett, M.K., Kreider, J.W., 1990. Infectious cycle of human papillo-
mavirus type 11 in human foreskin xenografts in nude mice. J. Virol.
64, 3310–3318.
Stubenrauch, F., Laimins, L.A., 1999. Human papillomavirus life cycle:
active and latent phases. Semin. Cancer Biol. 9, 379–386.
Zhou, J., Gissmann, L., Zentgraf, H., Mu¨ller, H., Picken, M., Mu¨ller, M.,
1995. Early phase in the infection of cultured cells with papillomavirus
virions. Virology 214, 167–176.
